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a b s t r a c t
We analyzed the influence of natural and anthropogenic habitat disturbance on the struc-
ture of invertebrate communities living on two species of Heliconia herbs. We compared
the invertebrate community structure associated to both species growing in natural for-
est gaps, on road edges for H. latispatha, and in riparian vegetation for H. collinsiana. We
assessed the topological structure of individual-based Heliconia–invertebrate networks.
Species richness was greater in H. collinsiana inhabiting riparian vegetation but no differ-
ences were found in the diversity of invertebrates for any Heliconia species and habitat. In-
vertebrate abundance was greater in gaps for H. latispatha and in riparian vegetation for H.
collinsiana showing a species turnover in human disturbed habitats. The invertebrate com-
munity was not randomly assembled but highly nested, revealing a structured pattern for
all habitat conditions. Heliconia–invertebrate network properties appear to be maintained
in human disturbed habitats, despite differences in species richness, abundance and com-
position and host number and quality. Our study contributes to the understanding of the
structure of ecological interactions in contrasting habitats. Because they provide food and
habitat for the associated fauna and severalmicrohabitats for colonization, heliconias could
be used as habitat elements for invertebrate conservation in human impacted landscapes.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
In tropical rain forests, natural tree fall gaps create heterogeneous microclimatic conditions in the understory (Brokaw,
1985; Schnitzer and Carson, 2001). This stochastic event is part of the natural forest dynamics and important in the
maintenance of local species diversity, mainly because it allows the growth and reproduction of plant species that cannot
complete their life cycles under the shaded conditions of the old-growth forest understory (Brokaw, 1985; Schnitzer
and Carson, 2001). On the other hand, large-scale human disturbances such as those produced by deforestation and
fragmentation of the rain forests have differential impacts on forest regeneration than do canopy gaps (Laurance and
Bierregaard, 1997; Laurance and Peres, 2006; Laurance et al., 2009). In tropical disturbed habitats environmental conditions
(e.g., temperature, moisture and light) generally fall outside the range of conditions that occurred in the natural forest in
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which plants and animals interact, even when considering canopy gaps (Offerman et al., 1995; Bruna et al., 2009; Laurance
et al., 2009). In this context some native species of plants and animals are able to persist in these degraded lands throughout
morphological, physiological and behavioral adjustments, while others go locally extinct.
The new environments that develop after forest disturbance tend to be unsuitable for many organisms characteristic
of closed forest (Ewers and Didham, 2006) however some novel environments facilitate the colonization of native and/or
exotic disturbance loving species (Benítez-Malvido and Lemus-Albor, 2006; Santos and Benítez-Malvido, 2012; Bierregaard
et al., 2001; Laurance and Bierregaard, 1997). Some tropical light-demanding plant species establish in naturally created
gaps within continuous old-growth forest and are also capable to proliferate in human disturbed areas such as some species
of the genus Heliconia (Heliconiaceae). Plants of the genus Heliconia not only provide food and habitat for several terrestrial
and aquatic invertebrates and pathogens (Seifert, 1982; Sewake and Uchida, 1995; Assis et al., 2002) but also conform small
and complex ecological systems organized in different trophic levels (e.g., food-webs). In this sense, using Heliconia plants
to model ecological systems would allow to detect the spatial and temporal variation of species occurrence (i.e., extinction
and invasion rates) in preserved and human impacted tropical forests and changes in the organization of food webs and of
various functional groups (e.g., herbivores, predators, preys and parasites), among other factors (e.g., species competition,
abundance and diversity).
Understanding the patterns and the processes underlying the structure of plant and animal communities is one of
the main issues in ecology. Using analysis based on graph theory, studies have recently found non-random patterns of
interactions in plant–animal networks, including, for example: nestedness (Bascompte et al., 2003; Bascompte and Jordano,
2007). Nested networks were initially described for interactions among species at the community level (i.e., species–species
interactions) (Bascompte et al., 2003), in which species with fewer interactions are connected with species with the most
interactions in cohesive subgroups (Guimarães et al., 2006; Bascompte and Stouffer, 2009). However, in recent years the
number of examples describing a nested pattern in individual-based networks (i.e., species–individual interactions) has
increased (Araujo et al., 2010; Cantor et al., 2013; Pires et al., 2011; Dáttilo et al., 2014a). For instance, in individual-
based plant–invertebrate networks, a nested pattern indicates that more selective invertebrate species would visit only
a subset of plant individuals which are in turn visited by the less selective invertebrate species. In this case, more selective
invertebrate species are those species that interact with few individuals of plants, possibly based on context-dependence
(e.g. competition, dispersal ability, and spatial use). On the other hand, individual-based plant–invertebrate networks
could also exhibit a modular pattern of interactions, as proposed at the community level (Olesen et al., 2007). In this
case, within each network there are groups of invertebrate species strongly associated with a particular set of individual
plants. Network analysis is a valuable tool for studying the diversity of species and interactions within and across trophic
levels (Bascompte et al., 2003; Bascompte and Jordano, 2007). Despite the importance and increase in knowledge of the
structure of plant–animal networks, there is a lack of information that directly evaluates the effect of habitat disturbance
on biotic interactions (Tylianakis et al., 2010), mainly involving studies dealing with individual-based networks. Based on
this context, biotic interactions are increasingly at risk from local and global extinction as a consequence of anthropogenic
environmental disturbances (Tylianakis et al., 2010) and most studies have focused only on species loss and ignore the loss
of biotic interactions (Memmott et al., 2004).
In fact, with rapid land-use modification occurring in most tropical systems, a basic understanding of the impacts of
these changes is necessary to ensure species persistence. To explore how natural and human forest disturbances affect the
structure of biotic interactions, in this study, we focused on invertebrate communities that livewithin and feed on two early-
successional perennial herbs of the genusHeliconia (Heliconiaceae;H. latispatha andH. collinsiana) in aMexican tropical rain
forest landscape. Here we evaluated the robustness of Heliconia–invertebrate interactions in human-modified landscapes
and natural forest gaps from the following two approaches: (i) measuring invertebrate diversity associated to heliconias;
and (ii) evaluating the network structure of these biotic interactions. We expected the following: (i) that faunal species
assemblages would change according toHeliconia species and habitat type; and (ii) that the structure of ecological networks
would be maintained in human impacted landscapes, because these novel faunal species might play similar ecological roles
(e.g., herbivores, predators and preys) within the invertebrate community inhabiting Heliconia plants in natural forest gaps.
We used individual-based networks, in which individual plants and their associated invertebrate species are depicted as
nodes while their interactions are depicted by links describing the use of plant individuals by invertebrate species.
2. Material and methods
2.1. Study site
The study was conducted within the Montes Azules Biosphere Reserve (MABR), Chiapas, southeastern Mexico
(16° 06’ N, 90° 56’ W, 120 m elev.). The MABR is within the Selva Lacandona region that comprises part of Guatemala and
Mexico (Medellín, 1994). Human activities have dramatically reduced the original forested area (500,000 ha) by one-third in
40 years. The MABR contains the majority of the remaining forest of the region (3, 310 km2) and constitutes the main com-
ponent of the Mesoamerican biodiversity hotspot (Myers et al., 2000; Figueroa et al., 2009). The primary vegetation type is
lowland tropical rainforest, reaching up to 40 m in height in alluvial terraces along main rivers (Meave del Castillo, 1990;
Siebe et al., 1995). There are roughly 4,000 species of vascular plants (Medellín, 1994). Maximum and minimum annual
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Table 1
Characteristics (Mean ± SE) of two Heliconia species present in natural and human disturbed tropical rain forest habitats. Different letters indicate
significant differences between habitats within Heliconia species (after Santos and Benítez-Malvido, 2012).
Heliconia latispatha Heliconia collinsiana
Road edge Gap Riparian vegetation Gap
Host density (clumps/314 m2) 38.4± 14b 7.3± 2.3a 44.4± 12b 4.0± 2.1a
No. of leaves 13.4± 1.8 11.9± 1.0 16.3± 2.4 2.4 15.4± 1.4
Leaf area (cm2)a 1380± 169b 950± 114a 2014± 138a 2752± 252b
Shoot height (m)b 1.6± 0.1a 2.5± 0.2b 2.2± 0.1a 3.2± 0.3b
No. of inflorescences 0.8± 0.2 0.8± 0.2 0.2± 0.1 0.4± 0.2
No. of flowers 51.6± 15.5 62.5± 17.3 41.6± 13.1 57.3± 32.8
Absorbance of condensed tannins 0.5± 0.09a 1.1± 0.2b 1.12± 0.09 1.0± 0.1
Leaf toughness (g/cm2) 247.6± 4.5b 163.7± 5.5a 259.30± 8.5a 300.9± 6.2b
a Mean leaf area per clump was calculated from 10 leaves.
b Mean shoot height was averaged from all shoots of the clump.
temperatures are 31.8 °C (April–May), and 18 °C (January–February), respectively. Annual precipitation averages 3000mm,
with less than 60mmmonth−1 from February through April, andmore than 200mmmonth−1 fromMay to October (Meave
del Castillo, 1990; Medellín, 1994).
Currently the landscape is composed by amosaic of land-uses including forest fragments, secondary vegetation of various
ages, human settlements, croplands, pastures, and paved and unpaved roads. Three habitat-types corresponding to early-
successional forest stages were considered for the study (for further information see Santos and Benítez-Malvido, 2012):
(1) forest gaps in old growth continuous forests (>100 m2), opened naturally; (2) road edges along a 5 km trail; and (3)
secondary riparian vegetation, represented by a 4-km long narrow corridor (<50mwide) along the margin of the Lacantun
River (in front of the MABR). Microclimatic conditions are very similar between secondary riparian vegetation and forest
gaps, but road edges hold significantly higher air temperature, higher light income and lower air relative humidity compared
with forest gaps and secondary riparian vegetation (Santos and Benítez-Malvido, 2012).
2.2. Plant species and sampling design
Two species of early successional heliconias were used in this study, H. latispatha and H. collinsiana. Both species are rare
in old-growth continuous forest and are mostly found in large canopy gaps. Physical and chemical foliage characteristics
(i.e., leaf size, toughness and condensed tannins, number of shoots, etc.) of both species have shown to differ between forest
gaps and human disturbed habitats (Table 1). In forest gaps, H. latispatha and H. collinsiana can have up to 20 clumps, but in
human-disturbed habitats they may hold hundreds of clumps per hectare (Santos and Benítez-Malvido, 2012). Individuals
of H. latispatha proliferate along road edges, whereas those of H. collinsiana are frequently found in open secondary riparian
vegetation.
To assess if anthropogenic disturbance alters the local abundance, species composition, richness, and the structure of
ecological networks of invertebrates associated to Heliconia, in September 2009, 10 clumps of H. latispatha along road
edges, 10 clumps of H. collinsianain secondary riparian vegetation and 10 clumps of each species in different forest gaps
were randomly selected. We used a fixed number of individuals to compare communities between different environments
focusing only on the interaction patterns and biodiversity of invertebrates. In fact, a fixed number of individuals were
randomly collected as controls for possible within environment effects of the network size. All invertebrates (larvae and
adults) found on the two species, including the pseudostem, leaf blade, petiole, and bracts were collected and placed in
plastic pots containing alcohol (70%). Thereafter, all collected invertebrates were subsequently identified to morphospecies
within different taxonomic orders and families. Larvae and other immature stages were also included as morphospecies
in the analyses. The use of morphospecies as a surrogate of taxonomic species has been a successful approach to describe
biodiversity and some ecological patterns in highly diverse and taxonomically little known communities (Oliver and Beattie,
1996; Derraik et al., 2002; Krell, 2004).
2.3. Invertebrate communities in disturbed habitats
We evaluated the completeness of species sampling as the percentage of observed species with respect to the number
of morphospecies (hereafter referred as species) predicted by Chao 1 estimator. For the direct statistical comparison of
species richness considering the four communities we generate rarefaction curves, with 95% confidence intervals, following
Henderson and Seaby (2002). We quantified abundance as the number of individuals found, richness as the number of
invertebrate species, and diversity as the effective number of species, calculated with the formula of true diversity of order
1 (Jost, 2006), which equals the exponential of the Shannon entropy index:
1D = exp−

s
i=1
pi ln pi

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where 1D is diversity of order 1, pi is the proportional abundance of the ith species in the community, and S is species
richness. This measure of diversity weights each species exactly by its frequency in the community (i.e. favoring neither
rare nor common species).
Generalized linear models (GLM) were used to detect differences in abundance of invertebrates associated to both Heli-
conia species between natural and human disturbed habitats. Because data were counts we used a Poisson error distribution
to construct the model and checked for overdispersion of the data (Crawley, 2007). Statistical analyses were carried out us-
ing R 6.1. (Crawley, 2007; R Development Core Team, 2012). In order to assess the turnover of species composition between
Heliconia species and habitats we used similarity Bray–Curtis index (after square root transformation of the data) among
the four communities (Magurran, 2004).
2.4. Network metrics
We used each plant species and their associated invertebrates as independent invertebrate–plant networks within each
habitat (natural and human disturbed). Therefore, we built four individual-based Heliconia–invertebrate networks. For this,
each network was defined as an adjacency matrix A, where aij = the number of interactions from an individual plant j by
the invertebrate species i, and zero otherwise (Bascompte et al., 2003).
We calculated some metrics commonly used in studies of ecological networks to describe the topological structure of
invertebrate communities associated to Heliconia species in natural and human disturbed tropical rain forests. For this,
we used the package ‘‘bipartite’’ (Dormann et al., 2009) in R-software (R Core Team 2012) and calculated the following
metrics: (i) connectance (the proportion of realized links of the total possible in each network, defined as the sum of links
divided by the number of cells in the matrix); (ii) linkage density (a quantitative measure defined as the mean number of
interactions per species); (iii) H2’: network specialization (a measure of network specialization, which ranges between 0:
no specialization, and 1: complete specialization); and (iv) variance ratio (variance-ratio of species numbers to individual
numbers within species for the higher trophic level, values larger than 1 indicate positive aggregation or association, values
between 0 and 1 indicate disaggregation of species).
We used the NODF-metric (Almeida–Neto et al., 2008) in the software Aninhado to measure the degree of nestedness
of each network (Guimarães and Guimarães, 2006). The values of this metric range from 0 (non-nested) to 100 (perfectly
nested). NODF-values are less prone to Type I statistical error when compared to other nestedness indices because they
are based on the nestedness of all pairs of columns and rows in the matrix (Almeida–Neto et al., 2008). In a nested
network, species with fewer interactions are connected to a subset of the partners with more interactions. Moreover, we
tested whether within each network there were groups of invertebrate species strongly associated with a particular set of
individual plants, as expected in a modular network (Olesen et al., 2007; Dáttilo et al., 2013a). Modularity was calculated
with the indexM (from 0, no subgroups, to 1, totally separated subgroups) with a simulated annealing algorithm (Guimerà
and Amaral, 2005) in the software MODULAR (Marquitti et al., 2014). We estimated the significance of nestedness and
modularity with a Monte Carlo procedure, generating 1000 randommatrices from the original matrix, using the Null Model
II (CE) (Bascompte et al., 2003). In this null model, the probability of occurrence of an interaction is proportional to the
number of interactions of both invertebrate species and plant individuals (Bascompte et al., 2003). Then, we defined the P-
value testing the empirical values of our network against the null distributions of these values. For each network we defined
core or peripheral invertebrate species components using the recent formula proposed by Dáttilo et al. (2013b). Network
graphs were done using Pajek software (Batagelj and Mrvar, 1998).
3. Results
3.1. Invertebrate communities
All sampledHeliconia plants were occupied by invertebrates however, not all invertebrate taxawere present in all plants.
A total of 536 invertebrates was collected fromH. latispatha; 324 in forest gaps (range, 15–69 invertebrates) and 212 on road
edges (range 9–53 invertebrates). The threemost abundant taxa were Coleoptera, Hymenoptera and Araneae (Fig. 1). Forest
gaps hold 43 species and road edges 40. In contrast, H. collinsiana held a total of 805 invertebrates; 385 in forest gaps (range,
12–55 invertebrates), and 420 in riparian vegetation (range, 9–95 invertebrates); Araneae, Diptera and Hymenoptera being
the taxa with greater number of individuals (Fig. 1). A total of 43 species was collected from forest gaps and 55 from riparian
vegetation.
The abundance of invertebrates on H. collinsiana differed significantly between habitats (x2 = 5.07, df = 1, P = 0.02)
and among invertebrate species within habitat (x2 = 844.1, df = 62, P < 0.001). Overall, the abundance of invertebrates
was greater in riparian vegetation than in forest gaps; there were significantly greater number of individuals within the
orders Araneae, Hymenoptera, Lepidoptera and Stylommatophora (terrestrial snails and slugs) in forest gaps than in riparian
vegetation (Fig. 1). ForH. latisphata, the abundance of invertebrateswas significantly different between habitats (x2 = 16.18,
df = 1, P < 0.001) and among invertebrate species within habitat (x2 = 379.1, df = 52, P < 0.001). Contrary to
H. collinsiana, invertebrate abundance was significantly greater in forest gaps than in road edges; whereas the number of
individualswithin the orders Araneae, Coleoptera, Hymenoptera, Isoptera, Lepidoptera and Stylommatophorawas greater in
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Fig. 1. Total number of individuals within the 7most abundant invertebrate taxa inhabiting twoHeliconia species present in natural and human disturbed
habitats in Chajul, Mexico. The number of invertebrates was obtained from 10 clumps of heliconias per habitat and species.
forest gaps than on road edges (Fig. 1). The insect orderswith significantly greater number of individuals in human disturbed
habitats were Diptera for H. collinsiana in riparian vegetation and Hemiptera for H. latispatha on road edges. Furthermore,
habitat condition influenced the composition of invertebrate communities in the studied heliconias. The invertebrate
communities of H. collinsiana and H. latispatha in forest gaps were more similar in species composition (Bray–Curtis index
0.80) than those in road edges and riparian vegetation (Bray–Curtis index 0.56). Themost dissimilar invertebrate community
comparing the three habitats was that inhabiting H. latisphata on road edges. Within species similarity was, 0.68 for H.
latispatha between forest gaps and road edges, and 0.71 for H. collinsiana between forest gaps and riparian vegetation.
The completeness of the inventories was, 89% in gaps and 85% in road edges for H. latisphata; whereas for H. collinsiana,
89% in gaps and 85% in riparian vegetation. Comparing the species rarefaction curves at the lowest abundance value of 212
individuals, species richness was significantly greater for H. collinsiana in riparian vegetation than in forest gaps (Fig. 2);
while no significant difference in the richness of invertebrate species was found between forest gaps and road edges in
H. latispatha. Furthermore, species diversity was very similar between habitats for the two Heliconia species, where: H.
latisphata, 31.35 and 29.74 effective species in forest gaps and road edges, respectively; and in H. collinsiana 28.42 and 31.51
effective species in gaps and riparian vegetation, respectively (Fig. 2).
3.2. Network structure
Weobserved that regardless of plant species (H. collinsiana andH. latisphata) or habitat (natural and human disturbed), all
our four Heliconia–invertebrate networks exhibited a nested pattern of interactions (Mean± SD. NODF : 39.02± 4.25; all p-
values<0.05). However,modularitywas low and not significant in allHeliconia–invertebrate networks (M = 0.236±0.033,
all P-values >0.05), with an average of 4.25 ± 0.5 modules in each network (varying from 4 to 5). In addition, all other
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Fig. 2. Rarefaction curves of invertebrate species richness inhabiting two species of heliconias within natural and human disturbed habitats in Chajul,
Mexico. The inner graphs show species diversity (effective number species) for different habitat types and Heliconia species.
network descriptors were similar between the two Heliconia species and habitats (Table 2). This finding indicates that
independently of variation in local and landscape environmental factors, the nonrandompattern organization of interactions
between these Heliconia species and their invertebrate visitors and inhabitants does not change with habitat disturbance
(Table 2).
In the individual-based network of H. collinsiana sampled in secondary riparian vegetation, 10 invertebrate species
were part of the generalist core (i.e., those with most interactions): Formicidae sp2, Formicidae sp3, Coleoptera sp1,
Araneae sp3, Araneae sp2, Formicidae sp4, Formicidae sp5, Diptera sp1, Araneae sp4, Coleoptera sp2. In the network of
H. collinsiana sampled in forest gaps, seven invertebrate species were part of the generalist core: Araneae sp2, Araneae
sp3, Formicidae sp2, Formicidae sp3, Araneae sp4, Formicidae sp4, Stylommatophora sp1. In addition, in network of H.
latisphata sampled on the road edge, seven invertebrate species were part of the generalist core: Formicidae sp2, Formicidae
sp3, Coleoptera sp1, Formicidae sp4, Araneae sp2, Diptera sp1, Formicidae sp5. For the network of H. latisphata sampled
on road edges, 10 invertebrate species were part of the generalist core: Formicidae sp2, Formicidae sp3, Coleoptera sp1,
Araneae sp2, Coleoptera sp8, Formicidae sp4, Araneae sp3, Araneae sp4, Homoptera sp1, Stylommatophora sp1. (Fig. 3 and
Appendices 1 and 2: Supporting information). For bothHeliconiaspecies and habitats, Araneae and Formicidaewere themost
representative groups in the generalist core.
4. Discussion
Our results indicate that the type of forest disturbance in which Heliconia species occur influences the relative densities
of invertebrates by altering the local environment of heliconias and their morphological and chemical traits (Table 1). The
trends of change in species richness, abundance and composition varied according to habitat type, invertebrate taxa and
Heliconia species, as expected. Species diversity remained fairly constant but there was a marked species compositional
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road edge forest gap
(a) Heliconia latispatha.
(b) Heliconia collinsiana.
Fig. 3. Ecological networks for Heliconia–invertebrate associations in natural and human disturbed tropical in the Lacandona rainforest (GC =
generalist core). Each node represents one Heliconia plant or invertebrate species. Please see Appendices to see the position invertebrate morphospecies
within networks (S3).
Table 2
Descriptors of ecological networks involving invertebrates associated to Heliconia collinsiana and Heliconia latispatha in natural and human disturbed
tropical rain forests.
Heliconia latispatha Heliconia collinsiana
Network descriptors Gap Road edge Gap Riparian vegetation
No. of invertebrate species 43 40 43 55
No. of plant individuals 10 10 10 10
Nestednessa (NODF-metric) 40.88 34.55 44 36.64
Modularityb (M−metric) 0.201 0.238 0.226 0.281
Links per species 3.18 2.6 3.47 2.93
Connectance 0.39 0.325 0.42 0.34
Linkage density 9.93 8.51 9.79 8.94
H2′: specialization 0.26 0.25 0.25 0.31
V ratio: variance ratio 3.45 3.51 3.87 3.38
a All Heliconia–invertebrate networks were significantly nested (P < 0.05).
b No Heliconia–invertebrate network showed a modular pattern of interaction (P > 0.05).
change across habitat types. The outcome of disturbed plant–animal interactions or predator–prey interactions by the
replacement of faunal species might have a consequence for plant and animal populations. For instance, the replacement of
native pollinators may lead to reduce fecundity and/or the loss or replacement of an efficient predator or herbivore might
lead to the population growth of the host and prey. Nevertheless, trophic levels (i.e., invertebrate herbivores, prey and
predators) within the Heliconia system were maintained in human disturbed habitats. Therefore, the presence of these
two Heliconia species under anthropogenic habitat conversion will not necessarily maintain the Heliconia invertebrate
community of the original forested habitat (natural forest gaps) but sustain a rich community in any case. Changes in the
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local abundance, richness and composition of invertebrates inhabiting heliconias seem to be caused by the combined effect
of microclimatic conditions, host availability and host quality across habitat types.
4.1. Habitat disturbance and invertebrate communities
Land-use change influences species richness and abundance by changing the environmental conditions onwhich species
rely (Laurance and Bierregaard, 1997). Drastic changes in environmental conditions fromnatural to anthropogenic disturbed
habitats may affect the rates of colonization and extinction of different invertebrate taxa, diminishing their abundance in
the case of road edges (Laurance et al., 2009). For instance, the abundance of specialist herbivores on Heliconia has showed
different response to habitat disturbance. Hispine beetles (Chrysomelidae) inhabiting heliconias showed no differences
in abundance between forest gaps and human disturbed habitats; whereas the abundance of caterpillars (e.g., Caligo and
Opsiphanes; Nymphalidae) declined from forest gaps to human disturbed habitats (Santos and Benítez-Malvido, 2012).
Furthermore, leaf cutting ants appear as more active and predacious in road edges than in riparian vegetation and natural
forest gaps (Santos and Benítez-Malvido, 2012; Sendoya et al., 2013).
Despite the fact that secondary riparian vegetation showed similar microclimatic conditions to forest gaps, the species
composition of invertebrates in H. collinsiana changed in contrasting directions to H. latispatha. In secondary riparian
vegetation, H. collinsiana presented a significantly richer and abundant invertebrate community with greater abundance
of Diptera, which may depend on water bodies for reproduction. More available prey might explain the large number of
spiders therein. Likewise, the similar composition of invertebrate species assemblages between forest gaps and riparian
vegetation may reflect the similar microhabitats despite evident differences in vegetation structure.
Changes in the richness and abundance of several invertebrate taxa across habitats might be associated with higher
predation pressure (Dyer et al., 2005) and/or dispersal limitation (Fáveri et al., 2008) or both. Altered microclimatic
conditions after anthropogenic disturbance may favor certain invertebrates as well as pioneer plant species that become
potential hosts. Exotic species of invertebratesmay become common in human-modified landscapes as roadsmay also serve
as vectors of colonization (Forman and Alexander, 1998; Laurance et al., 2009). It has been suggested that one of the factors
causing an increase in insect species richness is less food specificity in some disturbed habitats allowing the coexistence
of a greater number of species than in a mature forest (Tylianakis et al., 2007). The preservation of the native tree cover
in riparian vegetation diminishes harsh environmental conditions and may facilitate the colonization of Heliconia plants
by shortening the distance invertebrates have to move when crossing forest openings. These positive effects on species
richness and abundance in riparian vegetation may be enhanced when the heliconias are close together and when are near
to or strongly connected to a primary continuous forest (Perfecto and Vandermeer, 2002).
4.2. Host traits and the invertebrate community
Host availability and local abundance of some invertebrate groups varied between habitats with either contrasting
(road edge vs. forest gap) or similar microclimate (secondary riparian vegetation vs. forest gap), suggesting that apart from
microclimate there are other factors regulating theHeliconia–invertebrate interactions, particularly for herbivorous species.
Host quality and density may affect invertebrate growth and reproduction and therefore plant–invertebrate interactions
(Table 1; Awmack and Leather, 2002). Human disturbed habitats showed significantly greater density of heliconias, and
some of the plants therein were larger and leafy than in natural forest gaps (Table 1); whereas their leaves in human-
disturbed habitats were better defended physically but poorly defended chemically (Table 1). In human disturbed habitats
heliconias apparently invested more resources in growth than in chemical defense. Compensatory growth may represent
an alternative to chemical defense as a strategy to reduce net losses to herbivores, mainly in resource-rich environments, as
we found in this study (Herms and Mattson, 1992). Heliconias appear to have few secondary compounds (Gage and Strong,
1981), while leaf toughness is likely the best defensive strategy in the genus (Dominy et al., 2008).
The greater density of Heliconia clumps along road edges and riparian vegetation as compared to natural forest gaps may
provide suitable microhabitats for the growth and reproduction of several invertebrate taxa such as Coleoptera (Strong,
1977a,b; Seifert, 1982). For instance, hispine beetles living as adults in the rolled leaves of Heliconia showed no difference in
density between forest gaps and human disturbed habitats (Santos and Benítez-Malvido, 2012). Other studies suggest that
levels of food and habitat are commonly not limiting to hispine populations, however hispines suffer heavy parasitism and
predation and their eggs are very sensitive to desiccation (Strong, 1977a,b, 1982; Seifert, 1982). This may be the case for
other invertebrate species inhabiting the foliage of heliconias.
Different factors, each causing a distinct sort of heterogeneity, could act simultaneously among leaves of a host
population. For example, a chemical compound that completely excluded all herbivore invertebrates could be produced
by young leaves but not by others. At the same time some invertebrate species may prefer leaves in the sun while others
preferred shaded leaves (Strong, 1982). Additional studies with parasitoids, predation, competition and other factors that
may affect the populations of the different invertebrate taxa, such as microclimate within the host plant, migration, and
spacing of host plants, are necessary to establish the key and regulatory factors in the assemblages of the invertebrate
communities inhabiting Heliconia species. Despite significant differences in the composition of invertebrate assemblages
among habitats, species of Heliconia could be an important resource to native invertebrates foraging/leaving in human
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impacted landscapes. The management of native pioneer heliconias as habitat elements in these landscapes is important
for the conservation of other animals such as hummingbirds and tent roosting bats. Therefore, if certain habitat elements
are to be used effectively in conservation plans the availability and distribution of pioneer heliconias should be taken into
consideration.
4.3. Network patterns
In our Heliconia–invertebrate networks, the most extreme generalists were species in the Araneae that as predators may
help to control pests. Ant species were also a core group in both pioneer heliconias. Ants are herbivores and/or incidental
visitors to these plants. Other invertebrate taxa changed either their position along the continuum of the central core of
highly interacting species or their presence between habitat type modifying network structure. Network size across plant
species and habitat type was similar (number of levels) which suggest that these plants maintain a stable structure in
natural and anthropogenic habitats. Connectance in the studied networkswas low and similar between habitat andHeliconia
species.
Comparing this studywith other insect–plant networks at the community level, we found a high connectance value in our
individual-based networks (ranging from 0.32 to 0.42). For example, Villa-Galaviz et al. (2012) reported a connectance value
of 0.22 in successional networks in resilience ecosystems, Quinto et al. (2012) reported 0.099 in saproxilic-tree communities,
and Dáttilo et al. (2014b) reported 0.140 in ant–plant mutualistic interactions. We already know that, in general, highly
connected and nested ecological networks aremore robust to species loss (Dunne et al., 2002; Thébault and Fontaine, 2010).
Here, our individual-based networks were highly connected possibly because they have high functional redundancy. In
other words, the individuals of the two studied Heliconia species perform similar roles in ecosystem function, as expected.
Therefore,when an individual disappears for stochastic reasons other individuals of the sameplant species can ’’dampen’’ the
system. In addition, the level of network specialization was low for all communities and therefore species appeared as less
selective in their interaction patterns. Variance-ratio values were larger than 1 in all cases, indicating positive aggregation of
species or competition among species, in this sense, we can expect a stronger competition among similar ecological species
or phylogenetically related coexisting species in the same plant.
A nested structure is a well-known non-random property in mutualistic networks at the community level (Bascompte
et al., 2003). However, several studies have found nestedness in other individual-based ecological networks, including
primate-resource and cactus–hoverfly networks (Martínez-Falcón et al., 2010; Dáttilo et al., 2014c). In this study, we show
for the first time that nestedness is also a property that can emerge in individual-based Heliconia–invertebrate networks.
On the other hand, recent studies have showed that plant–herbivore networks are highly modular (Prado and Lewinsohn,
2004; Thébault and Fontaine, 2010). The compartments found within these plant–herbivore networks occur because
phylogenetically related host plants share chemical, morphological or ecological characteristics among them that attract
some common herbivores (Cagnolo et al., 2011). However, here we showed that individual-based Heliconia–invertebrate
species are not modular, probably because invertebrate species do not exhibit ‘‘fidelity’’ of foraging on the same group
of individual plants. In this case, all invertebrate guests of a particular plant species have the same ability to visit all the
individuals in the population. Therefore, it is expected that plant–herbivore networks can be highly modular only when
different plant species are evaluated.
Colonization of these Heliconia species may be driven by the chemical and physical properties of the plants in different
habitats (Santos and Benítez-Malvido, 2012). The wide spectrum of anatomical characteristics (number of shoots per plant
species), concentration of tannins, especially in relation to habitat condition, and the functional colonizing each plant by
invertebrates, may generate nestedness. This evidence suggests that invertebrate colonization in these Heliconia species
may bemediated by physical and chemical traits of the plants. These traits are important factors structuring this interaction
(Crawley, 2007). Specialized herbivores on Heliconia like hispine beetles and/or predators such as spiders should be in fact
ubiquitous; whereas those species more limited in their use of Heliconia, should only occur in a subset of plants. The role
composition obtained for this nested network could be associated with the high abundance and heterogeneity of plants,
providing a diverse range of microhabitats and availability of trophic resources that allow the establishment of at least
several weak interconnections for each invertebrate species shaping theHeliconia–invertebrate community. In fact themost
interconnected nodes of the whole network mainly corresponded with a limited proportion of individual plants
Conclusion
The relevant and novel aspect of this research is the study of plants as microhabitats, while other studies only consider
phytothelmata insects (living inside bracts) (Richardson and Hull, 2000) or herbivores (Santos and Benítez-Malvido, 2012)
but the interactions among all invertebrates taxa living in standing plants have been poorly evaluated using an ecological
network approach. García-Robledo et al. (2013) built ecological networks using gut contents of herbivores that feed
on Heliconia species but this research was centered only on herbivorous beetles. Another novel finding in this study
is the maintenance of the structure in the topology of interactions in human perturbed habitats (Villa-Galaviz et al.,
2012). Heliconia–invertebrate network properties appear to be maintained in human perturbed habitats and under forest
conditions, despite differences in species richness and composition.Heliconiaherbs hold awide range of orders of arthropods
– and other invertebrates – and contribute to support arthropod diversity in natural and human disturbed tropical habitats.
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The arthropods and other invertebrates living on these plants may feed and reproduce on heliconias and may also use them
as refuge, becoming an important microhabitat for various functional groups.
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